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An Improved Direct Power Control for Doubly Fed
Induction Generator

Shuning Gao, Student Member, IEEE, Haoran Zhao, Senior Member, IEEE, Yonghao Gui, Senior Member, IEEE,
Dao Zhou, Senior Member, IEEE and Frede Blaabjerg, Fellow, IEEE

Abstract—A novel Voltage Modulated Direct Power Control
(VM-DPC) is firstly designed for a Back-to-Back (BTB) converter
in the Doubly Fed Induction Generator (DFIG) system. The
proposed VM-DPC is built in the stator stationary reference
frame (a3). The proposed method uses a simple feed-forward
and feedback structure without a phase-locked loop and the Park
transformation. Therefore, it can be easily implemented in the
BTB converter. Another essential advantage of the proposed VM-
DPC is that it can transform the closed-loop DFIG system into
a linear-time-invariant one, which can be analyzed and designed
through multiple linear control techniques. The proposed method
guarantees exponential stability in the stiff grid as well as
in weak-grid integration, which is proved based on eigenvalue
analysis. Simulation results demonstrate that the proposed VM-
DPC has a faster transient response than conventional Vector
Oriented Control (VOC). Also, it maintains a satisfactory steady-
state performance at the same level as the VOC. The robustness
of proposed VM-DPC against distorted voltage conditions and
parameter mismatch is also tested. Finally, the proposed VM-
DPC control strategy is validated in an experimental hardware
prototype of a 7.5 kW DFIG system operating in real-time.

Index Terms—Doubly fed induction generator (DFIG), direct
power control (DPC), transient response, steady-state.

I. INTRODUCTION

UE to the increasing consideration of the fossil energy

crisis nowadays, a renewable energy source such as wind
power has received worldwide attention. Among the existing
wind turbines, the Doubly Fed Induction Generator (DFIG)
is one of the mainstream topologies, accounting for around
50% of the total wind-energy market [1]. It has superiorities
such as flexible power control capability, low cost of the
Back-to-back (BTB) converter, and high reliability [2]-[4].
The increasing wind power penetration level also raises the
demand for the control performance of the DFIG. According
to the modern grid requirements, the DFIG should not only
obtain fast and robust power regulation capability but also,
operate under different grid conditions [5], [6].
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Generally, the control strategies of the DFIG are designed
based on Vector Oriented Control (VOC) or Direct Power
Control (DPC). The VOC requires a decoupling of three-phase
components in a synchronous rotational reference frame by
using a Phase-locked loop (PLL) [7]-[9]. The control structure
is based on Linear Time-Invariant (LTI) characteristics, which
can be analyzed by using the linear control method structure
[10]. However, the performance and stability of the DFIG
controlled by VOC are highly dependent on the performance
of the PLL and the tuning of the control parameters.

Direct Power Control (DPC) technique can provide DFIG
with direct power regulation capability. It avoids PLL and
complex parameters tuning in the traditional VOC, which
has been widely discussed in recent years [11]-[21]. The
conventional DPC utilizes a Look-Up Table (LUT) structure
to select switching signals [11]. The switching frequency of
LUT based DPC is not fixed but changes over time, which
usually results in power and electrical torque pulsations [22].
Model Predictive Control (MPC)-DPC is an improved DPC
strategy that has recently been applied in DFIG [23], [24].
The control effect of MPC-DPC is guaranteed by a optimal
selection of the voltage vector. However, the evaluation of
the optimal control vector is time-consuming, which adds
additional computational burden to the control system.

Several studies suggest combining the DPC methods with
conventional modulation techniques to guarantee a constant
switching frequency. The Sliding Mode Control (SMC)-DPC
is a robust control method [25], which has been implemented
in DFIG [15], [26]. It obtains a fast power convergence speed
and a high robust property against DFIG parameters mismatch.
However, it usually brings a power chattering problem [21],
[27]. A Back-Stepping (BS) algorithm combined with direct
power control is developed in [18], which has a simple
structure and obtains satisfactory steady-state performance.
However, a zero steady-state error of BS-DPC can hardly
be obtained when there is disturbances or model mismatch
since it only uses proportional control. A coordinated (C)-
DPC without PLL is proposed in [17]. The method replaces
the PLL by using a virtual phase signal for coordinate transfor-
mation. It features excellent steady-state performance, which
was initially sensitive to a grid frequency deviation. The
Voltage Modulated (VM)-DPC is a recently proposed simple
yet effective control technique for voltage source converters
[27]. Tt guarantees fast and reliable active and reactive power
regulation. Moreover, it makes the controlled system Linear-
Time-Invariant (LTI), which has been employed in various
applications [28]-[34]. However, the implementation of VM-



DPC in DFIG has not been thoroughly discussed.

Motivated by [34], in this paper, the GVM-DPC is employed
to the Grid Side Converter (GSC). Then, a novel VM-DPC is
designed for the Rotor Side Converter (RSC). Consequently,
the main contribution of the paper is that a robust yet straight-
forward method (VM-DPC) is designed for the BTB converter
in the DFIG system, which has the following key features:

1) LTI system with DPC. The proposed VM-DPC trans-
forms the DFIG system into an LTI one, which can
be analysed and designed through various linear control
techniques.

2) Simple and easy implementation. The proposed control
algorithm uses a simple feed-forward and feed-back
structure design. Moreover, since the PLL and the Park
transformation for both GSC and RSC are unnecessary,
it can be expected that the structure and computation
can be simplified compared with the VOC.

3) Guaranteed exponential stability. It is proved that the
proposed VM-DPC can stabilize the DFIG under the
weak-grid integration scenario by using eigenvalue anal-
ysis, which is not easy to obtain by using other DPC
methods.

4) Improved performance. The proposed VM-DPC has a
faster transient response than conventional VOC. Also,
it maintains a satisfactory steady-state performance at
the same level as the VOC. In addition, the robustness
of the proposed method against parameter mismatch and
distorted grid condition is verified.

The rest of the paper is organized as follows: in Section
II, the detailed mathematical models of the RSC and GSC in
the o reference frame are presented. Section III describes
the controller design. Section IV provides a stability analysis
of DFIG with the proposed VM-DPC. Section V presents
the simulation results, which show comparisons among the
proposed VM-DPC, the conventional VOC, the C-DPC and the
SMC-DPC strategies. Experimental test is presented in Section
VI. Finally, the conclusions are given in Section VII.

II. OVERVIEW OF DFIG MATHEMATICAL MODELLING

The mathematical models of RSC and GSC implemented
in the af reference frames are analyzed in this section to
understand how the proposed VM-DPC directly control the
stator active and reactive power by modifying the rotor voltage
space vector.

By referring the space vectors in the a3 reference frame, the
stator side and rotor side voltage are represented as follows,

s ds
’U: :RS'L: + C,llis .
v® =R.i° + dd’f . ws ( )
=Ly, — JWeWP,
r dt J

where we is the electrical angular frequency of rotor, Ry and
R, represent stator and rotor resistances, superscript ‘s’ of
vectors indicates the «3 reference frame, which is omitted in
the rest of this paper for simplicity, vs and v, represent the
stator and rotor voltage space vector, is and %, represent stator
and rotor current space vectors. s and 1, represent the stator
and rotor flux space vectors, respectively. The flux linkage and
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Fig. 1. Equivalent circuit diagram of DFIG. (a) Equivalent circuit in the a
reference frame. (b) Equivalent circuit in the (3 reference frame.

current relation in the stator and the rotor side are expressed
as,

s = Ls 's + Lm 'r
{¢ 1 7 )

wr = Lrir + Lmis

where Lg and L, are total self-inductance of the stator and
rotor windings, respectively, L, is the mutual inductance. The
equivalent electrical diagram of DFIG in the af reference
frame can be concluded, as shown in Fig. 1. By manipulating
(2), 2, is eliminated and the rotor flux linkage is expressed as
follows,

., Ly
Pr = 0Lyt + T":bg 3)
where 0 = 1 — LL—ZL is defined as the leakage factor.
By manipulating (1), (2) and (3), the relationship between

stator/rotor currents, stator/rotor voltages and stator flux can
be deduced as follows,

L, . dis . .
Uy — 7 Vg :err + O—Lmi - ]WC(O—LHI’LS
Ly dt @)
L, ) RsL, .
L ™" L

The space vector mentioned above are expressed by the
components in the af3 reference frame as: vs = vsq + JUsg,
Uy = Vra +err,B, s = Isq +jis[3, iy = lra +jir6, Ps = Psa +
J¥sg, and P, = Pro + j1r3. Based on (4), the instantaneous
variation of stator current can be expressed in the a3 reference
frame as follows,
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The stator side active and reactive power are written as,
- 3 S
Ps+st:*§Us'7fs (6)

By differentiating (6), the instantaneous variations of the
stator active and reactive power are derived as follows,

dP, 3 dve. | di | dug. | dig
ar _2( ar Isa + a Vsa + a 158 + T Usﬁ’)
d@Qs N _§(dvsg . digy 3 dveg, . B dzisﬂ )
de - 2 dt tsa dt Usp dt 1sp dt Usau

(N

In this paper, an ideal network with angular frequency wj is

considered. Therefore, the stator voltage in the a8 reference

frame can be expressed as vgo = |vs|cos(wst + 6p) and vsp =

|vs|sin(wst+6p). The instantaneous network voltage variations
are obtained as,

Qs _ —Wg
a P

1 3)
gzﬁ = WsVUsa

The impact of stator resistance to the stator flux can be
ignored and following can be obtained,

1
P = —j—s €))
w

By manipulating (5), (7), (8) and (9), the dynamics of
instantaneous active and reactive power can be deduced,

dP; L. Ry 3
dr - - wrQs + O_LIQH s 2LmO' [(Uravsa + Urﬁvsﬂ)
L.w
- Rr ‘ra s .r S, - - s 2
(it + irpts) = T o]
dQs L. R 3
dt :wrPs + O'L?n QS - 2LmU [(vravsﬁ - vrﬂvsa)
+ Rr(ivﬂvsa - iravs,l?)]

(10)

The improved VM-DPC for RSC is designed based on the
expression of instantaneous active and reactive power of RSC,
which will be explained in the next section.

To build the model of GSC, the stator voltage vy is written
in the af reference frame in terms of the GSC input current
1g and the controlled converter terminal voltage vy as follows,

dig
e (11)
where L, and [, are the inductance and resistance of
GSC, respectively. The active and reactive power of the grid
side converter can be written as P, = 3Re(vg - i,) and
Qg = 3Im(vg-ig), respectively. The instantaneous variations
of the GSC active and reactive power can be derived as,

vy = Rgig + L + Vg

dPg _3 dvsa . diga dvsﬁ . digﬁ

G alqr e T g Vet gt g e
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(12)
By assuming a balanced grid voltage, the dynamics of the
instantaneous active and reactive power of grid side converter

in the a3 reference frame are obtained by using (11) and (12)
as follows,

dP. R 3
ditg — L—in —wsQg + TLg(Usavga + VsUgp — |vs|2)
dQg

R 3
a ng +ws Py + fg(vswga — Usagp)

13)
The expression of instantaneous power variations are used
as the design basis of the GVM-DPC applied in the GSC.

III. VM-DPC DESIGN FOR THE BTB CONVERTER
A. Rotor Side Controller Design

To achieve an LTI characteristic and introduce the structure
of VM-DPC, Voltage Modulated Regulated (VMR) inputs are
firstly defined as [27],

L.w,

Ly ws

2
UI'P = VUraVUsfa + UrpUsfg — |vsf|

(14)
UrQ = UraqUsfp — UrgUsfa

where vy is defined as the input of VM-DPC. It can be
assumed that vss = v5 under ideal voltage condition. However,
the harmonics are largely existed in the stator voltage when
DFIG is connected with a weak-grid, which will affect the
control performance. Therefore, to guarantee the performance
of the controller under weak-grid, a band-pass filter (BPF)
is generally used to obtain the value of stator voltage. The
inputs can be distinguished from the actual stator voltage and
expressed by vgs = Grvs. The voltage coupling terms in (10)
can be replaced by the VMR inputs defined in (14) and the
following is obtained,

Up =~ kstip = kswiQst  + Re(Vstalra + Vstging)
———
feed—forward compensation term Cp (15)
Uq=- ksqu + kswrP + Rr(vsfﬁira - USfairB)
——
feed —forward compensation term Cq
where k; = —2"?’3"‘ is the proportional control coefficient, Pyt

and Qg are the calculated power components based on vt
and is. Cp and Cq are the feed-forward compensation terms
representing the coupling between stator voltage and rotor
current. The terms can be neglected in alternative since R,
is usually relatively small in the DFIG system with a large
capacity, where it has little effect on the control performance.
Therefore, the rotor side current measurement is not required
and the control structure can be further simplified. In order to
decouple the active and reactive power loop, the feed-forward
compensation terms kgw, Qs and ksw, Pyt are designed for Up
and U.q, respectively. vy, and 1,4 are defined as the active and
reactive power terms with their differential expression, which
can be written as follows,

_dPs LR,
S T P 6
I dst _ LrRSQf ( )
e A

Since there is no coupling between the active and reactive
power, various control techniques can be chosen to generate
Vrp and vpq. In this paper, a simple PI control is selected,



Vrp :Krp(Ps* — Pyst) + Ko /(Ps* — Py)dt
a7
Vea =Kon(Q — Q) + Ko / (QF — Qur)dt

where P and Q¥ are the references of stator active and reac-
tive powers, respectively. K, K,; are the control parameters
of the rotor side VM-DPC. To prevent the RSC from over-
current, the reference value of the stator powers are limited
by following relationship,

0 SP: < Ps,max
Qs,min SQ; S Qs,max

where FPsmax is the maximum active power, Qs min and
Qs,max are the upper limit and lower limit of the reactive
power, respectively. Assuming the d-axis is in the same
direction as the stator flux and the resistance is small enough
to be neglected, P.; and Qs¢ can be represented by the rotor
current components in dq reference frame as [35],

3, Lm.
Psf = §|USf‘Zqu

3 (Joegl 2
= ZVUsf| 71
g st Trd

(18)

(19)
_ |U§f|

ws Lg

st )

Therefore, P max can be calculated according to the mag-
nitude of the maximum rotor current %, ,.x and the magnitude
of the measured stator voltage |vg| as,

3 L .
Ps max — o |vsf|7 (O-gzr max) (20)
’ g1t Cltmmax)

Trq,max

The maximum rotor current component in d axis is deter-
mined by the maximum rotor current 7, . and the calculated
real-time active power Py as follows,

2L, Pyt
) = [i2 — (== 2 21
7'rd,rnax \/Zr,max (?)LmI'Usf| ) ( )
Therefore, the limitation of ()5 can be set as,
3 Ly . v2
Qs,min :7(_|Usf|7(lrd,max) - u)
2 Ls wSLS
5 (22)
Quma = (e 220 o]
s,max — o \|Usf| 7 %rd,max — ——
’ g TS . ws Ly

Finally, by using the inversion of (14), the controlled rotor
side voltage signal in the o3 reference frame can be calculated
as,

Voo = VstaUrp + vsngrQ L.w; Vet

|vst |2 Lyws 23)
Vep = USfBUrP — UsfaUrQ + Lrwr Vstp

|vse]? Lyws

The control inputs v,, and v,g are transformed into the
output switching signals by using the conventional SVPWM
technique. The block control diagram of RSC is shown in
Fig. 2.

|
_ Y4

T

|vsf |

VM-DPC for RSC

Fig. 2. Control system block diagram of RSC with proposed improved
voltage-modulated direct power control (VM-DPC).

VM-DPC for GSC

Fig. 3. Control system block diagram of GSC with voltage-modulated direct
power control (VM-DPC).

B. Grid Side Controller Design

The design of the grid side controller is also based on the
concept of VM-DPC [24]. To transform the control of GSC
into an LTI closed-loop system, the VMR inputs of GSC in
(13) are defined as follows,

{UgP = UsfaUga T VUstBUgB — ‘vsl2 (24)

Ugq = Ustp¥ga — Ustalgp

By using the definition of VMR inputs, the coupling terms
in (13) are replaced and the VMR inputs can be expressed in
terms of the calculated power of GSC, i.e., Pyt and Qg as,

dPy R

Ugp =kgwsQgt + kg ( dat + fgpgf)
g

—_— ———

Vgp (25)
dQ.s R
Ugq = — kgws Pyt + kg ( dtg + nggf)

g

| —

Vgq

where kg = 2§g is the gain coefficient of the grid side con-
troller. Feed-forward control is adopted to cancel the coupling

between active and reactive power loops. vgp, Vgq are power



regulation terms of GSC. The PI controller of the inner loop
of GSC side VM-DPC is chosen to have the same structure
of RSC in (17) as follows,

Vep :Kgp(Pg* — Pyt) + Ky (Pg* — Pye)dt
(26)
Vgq :Kgp(Q; — Qgf) + Ky /(Q§ — Qgr)dt

where K, K, are the control parameters. The power ref-
erence values are represented by Py and (@), respectively.
The GSC is considered to operate at the unity power factor
operation mode. The active power loop is used to maintain a
constant dc-link voltage. The reactive power reference is set
to 0, and the outer loop control is designed as,

Py = Kgp ac(vic — vac) + Kgide /(UZ{C —vac)dt  (27)

Finally, by using the inversion expression of (24), the
voltage regulation signals of GSC can be deduced as,

UstaUgp + UstsUgq
Vga = 3
|vst ]

+ Usfa

28
Usf,ﬁUgP - UsfongQ (28)

|vst |2

Vgp = + Ustp
Consequently, the controller of the GSC can be designed and
represented by a block control diagram as shown in Fig. 3.

C. Linear Time Invariant Characteristic

By differentiating the simultaneous equations of (16) and
(17) and using the Laplace transform, the dynamics of RSC
control can be represented by a second-order transfer function
as follows,

Ps o Krps + Kri
Ps* 52 + (752[; +Krp)5+Kri
Qs Krps + Kri (29)

Q; 52 + (*giLr + Krp)s + Kri

2
m

The closed-loop dynamics of the active and reactive powers
are described by the polynomial of transfer functions (29) as
follows,

R.L
2 s _
s +(—0L?n +Kyp)s+ K =0 (30)
_,—/ w]2]

2Cwn

in which w,, and ( denote the natural frequency and damping
factor, respectively. From the definition of o, it can easily
be deduced that o < 0, if the PI parameters K,,, K,, are
designed as positive values, (w, > 0, according to linear
analysis method, the closed-loop system with the proposed
method is globally exponentially stable [27], [34].

IV. STABILITY ANALYSIS

It should be noted that the grid impedance strongly affects
the stability of the grid-connected DFIG system. Consequently,
in this section, the stability analysis of the DFIG with the pro-
posed method considering the grid impedance is investigated.

Fig. 4. Scheme of grid-connected DFIG using VM-DPC.

A general diagram of the grid-connected DFIG is shown in
Fig. 4, where R, and L, are the equivalent grid resistance
and inductance, respectively.

The short circuit ratio (SCR) is defined by the ratio of the
short-circuit capacity of the system at the point of common
coupling to the rated power of the equipment, such as SCR=
Sse/Sns [36], [37], which is calculated as,

2

Vs,nom

SOR = 5 7]

€2y

where ¥s nom is the nominal voltage at PCC, Py nom = P
is the rated power of DFIG, Z, = R, + jwsL, denotes the
total grid impedance. In this section, an eigenvalue analysis of
the RSC with proposed VM-DPC is presented. The stability
of the GSC could be referred from [27], where the stability
for the GSC with the VM-DPC under a weak-grid condition
is investigated. To guarantee the control performance of DFIG
using VM-DPC under weak-grid condition, a BPF is used to
remove the harmonics and obtain the fundamental component
of the measured voltage. The transfer function of the BPF can
be expressed as follows,

2¢wgs

WS

52 + 20wss + w2

—_—
Gt

Vgf = (32)

where v, is the measured voltage at PCC, v, is the
output of BPF. In order to consider the dynamics of the
BPF, the new state of the system = € RS is defined
as, € = [im,z'sg,xa,xg,x'a,:c'ﬁ]T, where the deviations
of the state variable [z,,%3,%, 23] can be expressed as,
[Ta, X5, o, 8] = [Usta, VstB, Usta, Usts]. The voltage at PCC
is the input of the controller, vs = [vsqa, vs5]T € R

By substituting (15), (23) and (32) into (5), the system



dynamics can be obtained as follows,

s (A1 Az 0 0 As A isa
isp Ay Ay 0 0 Aos Ase isp
Zo| | O 0 0 0 1 0 T
zg| | O 0 0 0 0 1 xg
To 0 0 —ws 0 —2Cws 0 T
23 i 0 0 0 —Wy 0 —2(ws g
A
_ T
+ Biy 0 0 0 2Cws 0 Usar
| 0 By 0 0 0 2Cws Usg
B
(33)
where the matrix parameters are,
1 R,L 3k K,
Ay = Aoy — sbr s{irp
1 e aLm( Lom 5 )
1 3kgswy
A = —A9 = m(*Umee - 9 )
1 ks K.p P} Low;
A =Aw=p (0= A L) 6
1 ks Ky Q2
Ape = —Aoe — ——(_IsBrples
16 25 aLm( USQ,SS )
1 Lyw,
B = B = ——
e JLm(mes)

Note that the term v% is a dc value and the dynamics is
comparatively slow [30]. Therefore, the dynamics of v2 is
not considered in (33), i.e., |vy|* = vZ,, where v, denotes
the squared value of the stator voltage magnitude under
steady-state. For the sake of the simplicity, only proportional
controller in (17) is considered for the stability analysis in this
paper. The dynamic equation consisting of v, 25 and the grid

voltage v, is expressed as follows,
vs = Loz + R,x + I,v, 35)

where L,, R,, and I, are the transfer matrices, which

. Ly 0 0 0 0 0 B
can be written as, L, = 0 L, 0 0 0 0] R, =
Ry 00000 and I, = 10 respectivel
0 R, 00 0 0 2 7 | | respectvely

The grid voltage input of the system is, v, = [v,la,vng]T S
R2. By substituting (35) into (33), the state-space model of
the closed-loop system is finally expressed as,

&= (Is—BL,) '(A+BR,)x+(Is— BL,) ' Bv, (36)

where I is a 6x6 identity matrix. In this paper, the rated
power of DFIG is considered as, Ps ,om = 1.5 MW. The DFIG
is set to operate in unity power factor mode. Moreover, the
X,/ R, ratio is set to 9. The detailed parameters of the system
are listed in Table. 1.

Fig. 5 shows the eigenvalues of the closed-loop system with
different BPF damping ratio (( = 0.1,¢ = 0.707). It can be
observed that the eigenvalues moves to the imaginary axis
when SCR decreases, which indicates that the system tends
to become unstable. Moreover, the decreasing of ( greatly
changes the distribution of the eigenvalues near imaginary
axis, the eigenvalues moves close to the imaginary axis when ¢

800
600 |
400 r

[
(=2
(=]

0r -29

Imaginary

-200 r
. SCR=1.8

0‘\‘
$ e
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-400

-600 |

-800

Fig. 5. Eigenvalues of the RSC closed-loop system with different BPF
damping ratio when the SCR is changed from 5 to 1.8.

decreases. But in general, the eigenvalues are located in the left
half-plane, which indicates that the system with the proposed
method remains stable under different grid conditions. It is
noted that the maximum active output power of the wind
turbine under unity power factor is limited in a weak grid
as described in [37],

1 1 2
Ps,max =35 1 : it (37)
2 - mmye |4l

According to (31) and (37), if the maximum active power is
considered equal to the rated power, i.e., Ps max = Psnom =
1.5 MW, then, the minimum SCR value can be calculated as
SCRuin = 1.61 when the DFIG is operating in unity power
factor mode. If SCR < 1.61, to keep the system stable, the
reactive power needs to be injected into the grid [30], [37].
Another stability analysis method is based on the impedance
model [10]. The dynamics of the system can also be further
studied based on the distribution of the eigenvalues. Moreover,
the impedance stability analysis of the grid-connected DFIG
with the proposed VM-DPC will be studied in future research
work.

V. SIMULATION RESULTS

A simulation model of a specific 1.5 MW DFIG system is
studied in this paper. The RSC and GSC controllers are im-
plemented by using Matlab/Simulink Simscape Power System.
The simulation step is set to 5 s, and the sampling frequency
is set to 4 kHz during the simulation process. The DFIG is
set to operate at constant rotor speed (1200 rpm, w, = 251.3
rad/s). The GSC is mainly used to support the capacitor to
build up a constant dc-link voltage at 1150 V, and ensure the
bi-directional power flow through the GSC. The details of the
parameters of the simulation system are shown in Table I,
which is close to the real DFIG system [38].

A. Steady-state Performance and Transient Response of Pro-
posed VM-DPC

In this subsection, the steady-state and transient response of
the DFIG system using the proposed VM-DPC is compared



TABLE I
PARAMETERS OF THE STUDIED 2 MW DFIG SYSTEM

Parameter Symbol Value Unit
Rated power Py 1.5 MW
Line-to-line voltage Vs,rms 690 \
dc voltage Ve 1150 \
dc capacitor Cyc 0.08 F
Sampling frequency fa 4 kHz
Switching frequency fw 4 kHz
Electrical angular speed | we 251 rad/s
System frequency f 50 Hz
Stator resistance R 2.6 mS)
Stator inductance Lg 2.6 mH
Rotor resistance Ry 2.9 mS)
Rotor inductance Ly 2.6 mH
Mutual inductance Lm 2.5 mH
GSC resistance Ry 0.2 m§?
GSC inductance Lg 0.4 mH
Grid resistance Rn 8 mS)
Grid inductance Ln 0.22 mH
Grid capacitance Ch 50 uF
Rotor current limitation r,max 222 kA
Turns ratio u 3

PI control parameters
Parameter Value Parameter | Value
Krp 4000 Ky 20000
Kgp 3750 Kgi 18750
Kop.dc -1000 Keidc -60000
ks -0.000118 | ¢ 0.1

with a classical VOC which was originally designed in [39],
also a SMC-DPC proposed in [22], and C-DPC [17]. The
bandwidth of VM-DPC is designed to 628 Hz, which is
calculated according to (29), and the bandwidth of the inner
current loop of VOC is set to 644 Hz. It is noted that the BPF
is not used in this comparative study. The stator active power
reference and reactive power reference are set to 1.5 MW and
0 MVar respectively, at the beginning of the simulation. Two
reference steps AP = —0.75 MW and AQ; = 0.75 MVar
are set at 3 s and 3.2 s separately to test the transient dynamics
along with the coupling between the active and reactive power
control loops. Fig. 6 shows the power and electromagnetic
torque performance of four different control strategies at the
power reference step. The results show the three DPC methods
have faster transient response than the classical VOC with no
overshoot at either the active and reactive power reference
steps. The SMC-DPC induces power pulsations. The enlarged
window of the reactive power reference step also shows the
VM-DPC has the smallest interaction between the variations
of active and reactive power among three DPC techniques. The
differences between the steady-state electromagnetic torque
performance of the four studied methods are not apparent.

Fig. 7 shows an enlarged window of stator current per-
formance at the active power step between 2.98 s to 3.02
s. The results show that the steady-state performance of the
VOC, C-DPC, and VM-DPC are satisfied. A comparison of
the total harmonic distortion (THD) of the stator current
with four different control techniques are shown in Fig. 8.
The VOC, C-DPC, and the proposed improved VM-DPC
achieve a stator current THD of about 1.4%, which indicates
they have the same level of steady-state performance. The

0.8
§ 1.5 frovedie bt - ]
2
- L 0.55
Q, 3.198 3.202
0.5 ‘ [ |
7 1.6,
T |
’g | : 4
S 05 P e e
g 1.99 3.002
a0
Q
SMC-DPC
0.5 voC —
0 C-DPC I
= = = +VM-DPC
E st :
Z
=2
° -10 .
&~
15 \ \ \ \ \
2.9 3 3.1 3.2 33 34 3.5
Time (s)

Fig. 6. Comparison of the transient performance of the active, reactive power
and electromagnetic torque 7 at power reference step among the SMC-DPC,
the classical VOC, the C-DPC and the proposed improved VM-DPC.
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Fig. 7. Comparison of stator current response at transient power reference
step among various control strategies.

SMC-DPC generates more stator current harmonics with a
frequency around 2000 Hz. A comparison of the rotor current
is presented in Fig. 9. It can be observed that the VM-DPC
also manifests an excellent rotor current performance.
Detailed information about the comparison between four
different methods is given in Table. II. The convergence time
is considered to be the time spend of actual power value enter
the 5% error band. The three DPC control techniques have ap-
proximately the same convergence time of about 1 ms, which
is much lower than VOC. The THD of the VOC, C-DPC, and
VM-DPC are around 1.4%, which indicate the three different
methods have the same level of steady-state performance. The
THD of SMC-DPC is 3.37%, which is the highest among the
four control techniques. The decoupling effect between active
and reactive power loops can be represented by the deviation
rate of the active power when the reactive power reference
value steps. The decoupling effect of four control strategies
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Fig. 9. Comparison of rotor current response at transient power reference
step among various control strategies.

are compared as shown in the enlarged window of Fig. 6 and
Table II. The results show that the VM-DPC has the second
smallest deviation of about 6.7%, after the VOC method.
Therefore, the effectiveness of the feed-forward compensation
terms in the proposed VM-DPC is verified. Please note that
the SMC-DPC and VM-DPC are directly built in the af
reference frame. Therefore, the structures of SMC-DPC and
VM-DPC are simpler than that of VOC and C-DPC, which
requires a voltage phase signal for coordinate transformation.
Consequently, the results show that the VM-DPC is applicable
in the high power DFIG system.

TABLE 11
TRANSIENT AND STEADY-STATE PERFORMANCE WITH DIFFERENT
CONTROL TECHNIQUES

Method Performance Structure
Convergence time THD Deviation rate PLL and Coordinates
SMC-DPC ~ 1 ms 3.37% 12.0% Not required («3)
voC =~ 100 ms 1.44% 4.2% Required (dq)
C-DPC ~ 1 ms 1.43% 10.5% Virtual PLL (dq)
VM-DPC ~ 1 ms 1.42% 6.7% Not required («3)
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Fig. 10. Performance of DFIG using the proposed VM-DPC under different
rotor speeds.

B. Performance of VM-DPC Under Different Rotor Speed

In order to test the control performance of the proposed
VM-DPC at different rotor speeds, a simulation is carried out
as shown in Fig. 10. The rotor speed changes from 1800
rpm (we =377 rad/s) to 1200 rpm (w, =235.6 rad/s) at
3 s. In order to compare the system performance at two
different rotor speed. The steps of active power reference value
AP = —0.75 MW are given at 2.4 s and 3.2 s, respectively.
Also, the steps of reactive power reference value AQ* = 0.75
MVar are set at 2.6 s and 3.4 s, respectively.

From the enlarged window of active and reactive power
dynamics, it is observed that both transient response and
steady-state performance of the proposed method are not
affected by the variation of rotor speed. The transient dynamics
of dc voltage at 3s is caused by the direction change of the
power flow on the GSC side due to the variation of rotor speed.

C. Robustness to Parameter Variation

Since there are many compensation terms in the proposed
VM-DPC strategy and the values are closely related to the
parameters of the generator, such as rotor resistance and mu-
tual inductance, these parameters are difficult to be measured
and may change over time because of the aging of devices
and temperature variation. Therefore, to check the robustness
against the parameters mismatch of the proposed VM-DPC,
the mutual inductance L,, and rotor resistance R, of the
control parameters are increased by 30% at 3 s. The power
reference steps are set as the same to Fig. 10. The simulation
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Fig. 11. Performance of DFIG using the proposed VM-DPC with +30% Lm,
and +30%R, errors.

results presented in Fig. 11 confirm the good steady-state
operation and fast transient response of the VM-DPC under
+30% parameter variation. Consequently, it is concluded that
the proposed VM-DPC has a robust property to parameter
variations.

D. Performance Under Harmonic Distorted and grid fault
Conditions

In this subsection, the performance of the proposed method
under distorted and unbalanced grid condition is tested. Since
the accuracy of the control design depends on a non-distorted
grid condition as presented in (8) and (9). The performance of
DFIG using the VM-DPC under different voltage conditions
is shown in Fig. 12, where the enlarged windows present
the detailed waveforms of the stator voltage and currents. At
first, DFIG is operated at a distorted grid, where the THD of
the grid voltage is 3.3%. The results indicate the DFIG can
maintain a steady-state performance with the current THD =
3.3%. At 3 s, a Phase-A voltage drop (0.9 p.u.) is set, and
it excites the unbalanced components of stator currents and
increase the current THD from 3.3% to 3.9%. Afterwards, at
3.2 s, the Phase-A voltage drops to 0.8 p.u and the phase-B,
phase-C stator voltage drop to 0.9 p.u. It can be seen that the
voltage dip introduces power ripples and increases the stator
current harmonics from 3.9% to 4.2%. Moreover, from 3.2
s, the maximum active power ripples increase to 0.13 p.u,
and the maximum electromagnetic torque ripples increase to
0.46 p.u. It can be seen that such unbalanced or distorted grid

Time (s)

Time (s)

Fig. 12. Performance of DFIG using the proposed VM-DPC under harmonic
distorted and unbalanced voltage dip conditions.

will slightly affect the performance, but the current THD is
still below the range of the requirement [40]. In addition, it
should be noted that the active power reference value drops to
1.3 MW after 3.2 s, which is caused by the limitation of the
maximum rotor side currents. Furthermore, The performance
of the proposed VM-DPC under severe voltage conditions is
compared with conventional VOC as presented in Fig. 13,
where a severe three-phase voltage drop (0.1 p.u.) is set at
2 s. It can be observed that the stator and rotor side currents
are deformed, which are caused by the transient stator flux
introduced by the grid fault. The proposed VM-DPC has a
similar transient performance to the conventional VOC. The
decaying process of the transient stator flux can be accelerated
by the DPC based demagnetizing method proposed in [41].
The active power reference value P." is decreased to 0.16 MW
when the fault occurs, which verifies the proposed over-current
protection algorithm.

Consequently, it is concluded that the DFIG controlled by
the VM-DPC can operate under slight grid faults. The per-
formance VM-DPC will be further improved to handle the
severe unbalanced voltage drop conditions in future research
works.

E. Performance Under Different Grid Parameters

The performance of DFIG with the proposed VM-DPC
under the grid condition with different SCR values are tested
as shown in Fig. 14. The damping ratio of the BPF is set to
¢ = 0.1. The DFIG is connected with a stiff grid from the
beginning of the simulation. At 3 s, an inductance L,, = 0.22
mH and a resistance R, = 8 m{) are added in series into the



1 ——P (VOO)
2 —— P (VM-DP
0.5 - R ©
> z
& 0 y/ \}p’%@’*ﬂg&@ﬁx*xwxfx’&c’* %
K A
0.5 &
-1 ——0 (VOO)
N 1 —— 0 (VM-DPO)
T 05 ---- 0
o 5 2.
g E
= ~
w74 @
% — i (VOO) A .05
8 i (VM-DPC)|| 1
195 2 205 21 215 22 195 2 205 21 215 22

Time (s) Time (s)

Fig. 13. Comparison of the performance under severe voltage drop conditions
(0.1 p.u.) between conventional VOC and the proposed VM-DPC.

Stiff grid 2
SC
T e M e
< [ (it iz
> AR 0 0 H\“W“l“l‘ A
2 off \mu.‘.\xim‘ e 15
S 111 W
-1 1
0
’ -~
2 e E
4 AWAWAWANAY AVAYS : E - 7
= 0f /) VY (=
)t \ A A A
= PN NN o
-1 s
=20
4
§ 2
=",
. i
3 32 34 3 32 34
Time (s) Time (s)

Fig. 14. Performance of DFIG using the proposed method in different grid
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grid, which make SCR = 4. Then, the SCR value is further
decreased from 4 to 2 at 3.5 s. It is observed from Fig. 14 that
the proposed VM-DPC controlled DFIG is stable and works
well in different grid conditions. The results show consistency
with the conclusions drawn in Section IV.

F. Discussion

In this section, the performance of the DFIG using the
proposed VM-DPC is tested in the different conditions. A
comparison of the stator current THD manifests the proposed
VM-DPC has the same level of steady-state performance as
the VOC under a similar control bandwidth. Besides, the VM-
DPC also features a fast transient response under different
rotor speeds. The simulation results show also that the DFIG
using the proposed method works well in the weak-grid

TABLE III
PARAMETERS OF EXPERIMENTAL DFIG PROTOTYPE
Parameter Symbol | Value Unit
Rated power IS 7.5 kW
Line-to-line voltage Vs,rms 380 \
dc voltage vl 650 \Y
dc capacitor Cic 600 uF
System frequency f 50 Hz
Sampling frequency | fa 10 kHz
Switching frequency | fw 10 kHz
Stator resistance R 0.44 Q
Stator inductance Lg 82.7 mH
Rotor resistance Ry 0.64 Q
Rotor inductance Ly 84.6 mH
Mutual inductance Lim 79.3 mH
GSC inductance Lg 18 mH
Control Parameters
Parameter Value Parameter | Value
Kip 20000 K 100000
Kgp 4500 Kgi 20000
Kep.de -10 Kgi de -1000
ks -0.0059

conditions. Moreover, the proposed method features robustness
against the generator parameter variations and the non-ideal
voltage conditions. However, the performance of the DFIG
using the proposed VM-DPC is susceptible to the unbalanced
voltage dip conditions. Such grid faults will increase the stator
current harmonics and cause ripples in the powers and the
electromagnetic torque. It is noted that for the most of the DPC
methods, the unbalanced voltage will introduce the negative-
sequence components and third order harmonics in the stator
currents, which affect the steady-state performance [12], [15],
[23]. The problem can be solved by adding the compensation
terms in the control loops as discussed in [15], [23]. However,
these methods require further discussions about the relation of
negative-sequence electromagnetic components of the DFIG
under unbalanced voltage conditions, which are out of the
scope of the paper. A voltage dip fault will result in natural
flux in the stator side and cause a rotor side over-voltage [41].
In the extreme cases, such a phenomenon may even destroy
the converter if not properly protected. The Low-Voltage-Ride-
Through (LVRT) capability of the DFIG using DPC can be
improved by using a stator natural flux cancellation technique
[41]. The improvement of LVRT capability of the proposed
method will be research in the future.

VI. EXPERIMENTAL VALIDATION

In order to verify the effectiveness of the proposed VM-
DPC, a prototype experimental setup, as shown in Fig. 15
is used. The experimental setup is composed of a 7.5 kW
DFIG, which is connected with a speed-controlled induction
machine operating at 1200 rpm. The capacity of the GSC
and RSC is 5 kW and 7.5 kW, respectively. The GSC is
mainly used to support the capacitor to operate at a constant
dc-link voltage at 650 V. The switching frequency of two
converters is both 10 kHz as well as sampling frequency.
The control schemes are implemented in the DS1006 dSPACE
system. The switching signal of GSC and RSC are generated
by using the DS5101 digital waveform output board. The
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voltage of the experimental platform is produced by the grid,
which is not ideal. The THD of the grid voltage is 1.66%,
which mainly contains 1% 5th, 0.8% 7th harmonics due to the
background distortion. The harmonics of grid voltage affects
the control performance and it influences the output stator
current since no harmonic suppression is considered in the
controllers. The parameters of the experimental prototype are
shown in Table III. A prototype controlled by the traditional
VOC method as discussed in [39] is tested for comparison.
The active power control loop has an open-loop structure,
which is directly controlled by the current on the d— axis.
The reactive power control loop is a traditional PI feed-forward
control, having an outer-power loop, and an inner-current loop
structure.

A. Comparison of Steady-State and Transient Performance

Fig. 16 shows the transient response and steady-state per-
formance of the DFIG system using the VOC. Two reference
steps AP = 0.23 kW and AQ¥ = 2 kVar are set separately to
test the transient dynamics of the controllers. Since the active
power control is an open-loop structure, the speed of active
power response is faster than the reactive power response. The
reactive power control loop of the tested VOC is a conventional
method, where the time response of reactive power is about 60
ms. Fig. 17 describes the transient performance of the system
using the proposed VM-DPC at power reference steps. It is
observed that the convergence time is less than 5 ms, and
there is nearly no overshoot of the active and reactive power
response, which is in accordance with the simulation result.
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Fig. 16. Measured performance of DFIG system with VOC during active
and reactive reference power steps. (a) Active power reference change from 0
kW to 2.3 kW. (b) Reactive power reference change from 0 kVar to 2.0 kVar.
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Consequently, it can be concluded that the PI feed-forward
structure successfully compensates the coupling between the
two loops.

The stator current performance and THD analysis while
using the VOC and the proposed VM-DPC are shown in
Fig. 18 and Fig. 19, respectively. It is observed that the THD of
the stator current when using the VOC is 6.03%. The current
THD when using the proposed improved VM-DPC is 4.87%,
which is less than VOC. Therefore, it is concluded that the
proposed strategy works well in an actual grid condition.

B. Robustness to Parameter Mismatch

The robustness of DFIG using the proposed VM-DPC is
also tested in the experimental prototype as shown in Fig. 20.
It can be seen that the system maintains a fast power transient
response and satisfied steady-state performance with +30%L,
and +30% R, parameter error. The differences between Fig. 20
and Fig. 17 are barely noticeable.
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VII. CONCLUSION

In this paper, a robust yet straightforward improved VM-
DPC control algorithm for the BTB converter of the DFIG
system was presented. The proposed method is consisting of a
simple feed-forward and feed-back structure without PLL and
Park transformation, which reduces the computational burden
and simplifies the structure. The proposed method guarantees
global exponential stability. Moreover, the stability of the pro-
posed VM-DPC under weak-grid condition is also verified by
using eigenvalue analysis and simulations. The proposed VM-
DPC is compared with three different control strategies. The
results show the proposed VM-DPC can achieve satisfactory
steady-state performance with a stator current THD = 1.42%,
which is the same level as the conventional VOC. Furthermore,
the proposed method also provides a fast transient response
with a power convergence time about 1 ms. The robustness of
the proposed VM-DPC against parameter variations and slight
grid faults is also verified. Finally, the experimental results
indicate that the proposed VM-DPC is capable of operating
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in an actual grid condition, in which the THD of the stator
current is 4.87%.

Our future perspective about the proposed control algorithm
includes an investigation on its frequency impedance charac-
teristics, advanced LVRT strategy, and a further improvement
under unbalanced voltage conditions.

APPENDIX
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